Introduction {#Sec1}
============

Many liver cancers patients are not candidates for curative surgeries because they are not medically fit, have unresectable tumors, or liver transplantation is not feasible. The use of hypofractionated/high-dose radiotherapy has been rapidly increasing for localized disease, because of excellent local control and potential for combination with other therapies.^[@CR1]--[@CR4]^ Based on exciting phase II trial results,^[@CR3]^ we are currently evaluating hypofractionated radiotherapy with protons versus photons in a randomized phase III study (NRG-GI003/NCT03186898). A challenge is that many patients, particularly with hepatocellular carcinoma (HCC), have underlying liver damage and could die due to worsening of hepatic function months post-radiotherapy without disease recurrence. Prior strategies to mitigate hepatic dysfunction have focused on adjusting dosimetric parameters and exclusion of patients with advanced cirrhosis.^[@CR2],[@CR5]^ Other approaches have used imaging biomarkers^[@CR6]^ and early changes in circulating serum hepatocyte growth factor (HGF)^[@CR11]^. However, no pretreatment circulating biomarkers are available to predict the susceptibility for worsening of the hepatic function, which would allow selection of cirrhotic liver cancer patients and dose for high-dose radiotherapy.

Blood levels of HGF have been previously associated with increased liver fibrosis and higher Child−Turcotte−Pugh (CTP) score of cirrhosis.^[@CR8],[@CR9]^ HGF is produced primarily by activated stromal cells in the liver and is the ligand to the cell-surface receptor mesenchymal−epithelial transition factor (MET). HGF/Met pathway activation is known to have protective effects on hepatocytes.^[@CR9]^ However, HGF/MET pathway activation has also been associated with the progression of cancer.^[@CR10]^ We evaluated the impact of plasma HGF levels on overall survival (OS) and hepatic function after hypofractionated radiotherapy with protons for unresectable liver cancers^[@CR3]^ and after surgery in resectable liver cancers (see Tables [S1](#MOESM1){ref-type="media"}-[S4](#MOESM1){ref-type="media"}).

Results {#Sec2}
=======

In the cohort of patients receiving radiotherapy, the median liver tumor size was 5.7 cm and median dose was 58.0 Gy. A CTP increase by ≥1 point occurred in 9/34 (26%) surviving patients at 3 months, including 4/34 (12%) with ≥2-point increase. The median pretreatment plasma HGF concentration was 2311 pg/mL (range 1037--8000) and was comparable between HCC and intrahepatic cholangiocarcinoma (ICC) patients. Patients with no increase in CTP and lower bilirubin had significantly lower pretreatment plasma HGF levels (Wilcoxon rank-sum *p* = 0.01) (Fig. [1a, b](#Fig1){ref-type="fig"} and Table [S3](#MOESM1){ref-type="media"}). While there was no treatment-associated death, patients who had worsening CTP scores had more than twofold the risk of death (log-rank *p* \< 0.05) (Fig. [2a, b](#Fig2){ref-type="fig"}). Moreover, when stratified at the median value, patients with high plasma HGF had a 2-year OS of 14% compared to 69% in patients with low plasma HGF (log-rank *p* = 0.017) (Fig. [2c](#Fig2){ref-type="fig"}), while they showed no difference in progression-free survival (*p* = 0.348). There was no significant change in plasma HGF levels between baseline and day 8 (Wilcoxon signed-rank *p* = 0.545) or 15 (*p* = 0.860) during radiotherapy or between HCC versus ICC patients (Figure [S1](#MOESM1){ref-type="media"}). Thus, plasma HGF may be a predictive biomarker of susceptibility to radiation-induced liver dysfunction (RILD) and patient survival after radiotherapy.Fig. 1Association between Child−Turcotte−Pugh (CTP) score and pretreatment plasma hepatocyte growth factor (HGF) in liver cancer patients undergoing hypofractionated radiation therapy with protons. **a**, **b** Plasma HGF concentration is significantly higher in patients with worsening in CTP score by at least 1 point after radiation therapy within 3 months **a** and within 6 months **b**. Data shown as median values and rangesFig. 2Survival distributions stratified by change in Child−Turcotte−Pugh (CTP) score and plasma hepatocyte growth factor (HGF) in liver cancer patients undergoing hypofractionated radiation therapy with protons. **a**, **b** Overall survival (OS) is significantly and inversely associated with worsening in CTP score by at least 1 point within 3 months **a** and 6 months **b**. **c** OS is significantly and inversely associated with pretreatment plasma HGF level

To delineate the role of HGF in radiation-induced effects versus prognostic value, we next evaluated plasma HGF in surgical HCC patients (*N* = 101). When stratified by the presence of cirrhosis, patients with cirrhosis had significantly higher plasma HGF than those without cirrhosis (*p* = 0.0027) (Table [S4](#MOESM1){ref-type="media"}). Moreover, plasma HGF strongly associated with Model for End-stage Liver Disease (MELD) score, a validated measure of liver disease severity, in HCC patients undergoing liver transplantation (Spearman rho = 0.54, *p* \< 0.0001). However, plasma HGF did not significantly associate with disease-free survival (*p* = 0.22) or OS (*p* = 0.55). These correlations between plasma HGF and cirrhosis and MELD score indicate that pretreatment HGF level can provide additional sensitivity to identify the population vulnerable to hepatic dysfunction with liver failure.

Discussion {#Sec3}
==========

The current individualized radiation treatment for liver cancers is based on mean dose of radiation to the normal liver and is designed to maintain a low risk of classic RILD, a veno-occlusive syndrome. For this reason, classic RILD rates have been low, but nonclassical RILD rates, or worsening hepatic functions, remain high with these same approaches. The current radiation dosing models were not designed to mitigate the risk of nonclassical RILD. In this prospective study, we found a significant association between elevated plasma HGF levels and worsening of CTP score occurring in liver cancer patients treated with high-dose radiotherapy. Importantly, we found that plasma HGF associated not just with the presence of cirrhosis but also with the severity of liver damage in HCC patients. Based on these data, baseline plasma HGF is being currently pursued prospectively as an integral biomarker of liver damage severity and susceptibility to worsening liver function in a phase III trial of radiotherapy for unresectable HCC patients. With successful validation, this study will provide a pretreatment circulating biomarker for patient selection for treatment and radiotherapy personalization.

Methods {#Sec4}
=======

Institutional IRB approval and written informed consent from all patients were obtained before study initiation. Detailed methodology is included as Supplemental [Methods](#MOESM1){ref-type="media"}.

Electronic supplementary material
=================================

 {#Sec5}

Supplemental Material

**Publisher\'s note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Electronic supplementary material
=================================

**Supplementary information** accompanies the paper on the *npj Precision Oncology* website (10.1038/s41698-018-0065-y).

We thank Anna Khachatryan (MGH) for technical support, Marek Ancukiewicz (Probabilitas LLC) for support with statistical analyses, and Theodore Lawrence and Kyle Cuneo (University of Michigan) for useful discussions. This work was supported by grants from the National Cancer Institute Proton Beam/Federal Share (T.S.H. and D.G.D.), P01-CA080124 (D.G.D.) and by EEA-JRP-Romania-Norway no. 4SEE (I.P.).

All authors contributed to acquisition, analysis, or interpretation of data, had full access to all of the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis. In addition, all authors participated in drafting the work, revised it critically for important intellectual content and approved the final version. Concept and design: T.S.H., I.P., A.X.Z., and D.G.D. Statistical analysis: B.Y.Y. and W.J. Study supervision: T.S.H., I.P., and D.G.D.

Data are available on request due to privacy restrictions. The data that support the findings of this study are available on request from the corresponding authors T.S.H. and D.G.D. The data are not publicly available due to them containing information that could compromise research participant privacy.

Competing interests {#FPar1}
===================

E.J.K. received research funding from Philips Healthcare, GE Healthcare; royalties for a book, Taylor and Francis; and consulting fees, Augmenix. D.G.D. received honoraria from Bristol-Myers Squibb; consulting fees from Bayer, Tilos, and twoXAR; and research funding from Merrimack, Leap Therapeutics, Bayer, Bristol-Myers Squibb, and Exelixis. No reagents or funding from these companies were used in the study reported here. The other authors declare no competing interests.
